In humans infected with the human immunodeficiency virus (HIV), clinical disease due to human cytomegalovirus (HCMV) infection is one of the AIDS-defining diseases; HCMV is the most common opportunistic infection found postmortem. Histologically, the typical lesions are characterized by ''owl's eye cells.'' In rhesus monkeys infected with simian immunodeficiency virus (SIV), comparable lesions are caused by an infection with the rhesus CMV (RhCMV). The aim of this study was to investigate the incidence of productive and latent RhCMV infection in monkeys infected with SIV macaques (SIVmac). Eleven SIVmac-infected rhesus monkeys, which were euthanatized after developing AIDS-like disease, and 11 clinically healthy and uninfected animals comprised the study. The monkeys were screened serologically for RhCMV by western-blot analysis. Immunohistochemistry was performed by an indirect immunoperoxidase technique with a polyclonal rabbit RhCMV-antiserum. Lesions characteristic of RhCMV-associated diseases were detected histologically. All animals were latently RhCMV-infected. Seven of eleven (63.6%) SIV-infected macaques were productively RhCMV infected according to immunohistochemistry. RhCMV antigen was identified in the gastrointestinal tract, the hepatobiliary system, the lungs, and the testicles. Two of these seven animals showed characteristic inflammatory lesions associated with productive infection. Consequently, the CMV prevalence in SIVmacinfected rhesus monkeys and human AIDS patients is comparable.
Cytomegaloviruses (CMV) are host-specific herpesviruses, members of the subfamily ␤-herpesviridae. Apart from man, nonhuman primates and several other animal species become infected by CMV. 4 The primary infection generally does not lead to clinically apparent disease, but to a latent infection. In contrast, diseases due to HCMV infection are a problem in immunocompromised people, 19 such as patients undergoing immunosuppressive therapies (e.g., transplant recipients) and AIDS patients. Whereas Pneumocystis carinii pneumonia is the most frequent clinically diagnosed AIDS-defining disease, CMV infection is the most common opportunistic infection in AIDS postmortem diagnosis. 5 Histologically, infiltration of neutrophilic granulocytes, lymphocytes, and plasma cells predominates. The lesions are characterized by enlarged (cytomegalic) inclusion-bearing cells. Intranuclear inclusions are large, dense, eosinophilic to basophilic, and surrounded by a clear halo. The cytoplasm may show granular eosinophilic inclusion bodies. A high percentage of adult rhesus macaques are latently RhCMV-infected and intermittently shed virus through urine. 2 Similar to AIDS patients, macaques infected with the simian immunodeficiency virus (SIV) develop diseases due to RhCMV infection. 3 In rhesus macaques infected with SIV macaque (SIVmac) at the German Primate Center, clinical disease and histopathologic changes due to RhCMV infection are rare compared to their occurrence at other primate centers. 3, 11, 14, 17 The purpose of this study was to investigate the incidence of latent or productive RhCMV infection not associated with characteristic morphologic alterations.
Materials and Methods

Animals
Serum samples and various tissues (gastrointestinal tract, lungs, spleen, lymph nodes, heart, liver, kidneys, parotid gland, pancreas, and brain) from 22 adult rhesus monkeys of Indian origin were collected. Eleven of these animals were SIVmac-infected and had been used in SIV vaccination and pathogenesis studies. Three different virus isolates of SIVmac known to be pathogenic in macaques were used for these studies (Table 1) . These included SIVmac251/32H grown in the human T-cell line C8166, SIVmac251/32H SPL (spleen-derived virus without in vitro passage), and SI-Vmac251/MPBMC propagated in monkey peripheral blood lymphocytes (MPBMC). The SIV-infected animals selected were euthanatized because of AIDS-like disease after a prolonged period of SIV infection (Table 2) , since reactivation of latent HCMV infection is known to take time in man. Animals were housed in single cages once the experiments began and were kept and handled according to institutional guidelines. 18 Necropsy included routine gross pathology and histologic examination. Stool specimens were examined for parasites and bacteria. Eleven clinically healthy monkeys that serologically tested negative for SIV using whole SIVantigen enzyme-linked immunoabsorbent assay confirmed by radioimmunoprecipitation assay served as negative controls.
Serology
Antibodies reactive with proteins of RhCMV were detected in immunoblots using lysates of human foreskin fibroblasts infected with RhCMV strain 68-1 (American Type Culture Collection) as antigen. Uninfected fibroblasts served as controls. In lysates from infected cells, multiple reactive proteins (55 kDa, 100 kDa, and 150 kDa 13 ) which could not be found in lysates from uninfected cells, were detected.
Histology
Tissues were formalin-fixed for at least 24 hours and paraplast-embedded. Sections 4 m thick were stained with hematoxylin and eosin (HE).
Immunohistochemistry
Immunohistochemical staining was performed on formalin-fixed and paraplast-embedded tissues of SIV-infected and control monkeys. RhCMV antigen was detected by an indirect immunoperoxidase method. Sections 4 m thick were cut on silanised slides. After rehydration, the slides were immersed in 20% donkey serum with phosphate-buffered saline for 20 minutes. Subsequently, they were incubated with a rabbit polyclonal antiserum against RhCMV at a dilution of 1 : 1,000 overnight as primary antibody. The polyclonal antiserum against RhCMV was produced by the immunization of rabbits with gradient purified RhCMV strain 68-1. 20 Productive RhCMV Infection in SIV-infected Macaques The slides were then incubated with a biotin-labeled donkey anti-rabbit immunoglobulin G (Amersham, Braunschweig, Germany) diluted 1 : 200 for 1 hour. Thereafter, the horseradish peroxidase (Vector, Burlingame, CA) diluted 1 : 200 was applied for 30 minutes, followed by color development in 3,3Ј-diaminobenzidine for 5 minutes. Slides were counterstained with hematoxylin, dehydrated, and mounted in entellan (Merck, Darmstadt, Germany).
Results
The 11 SIV-infected monkeys had to be euthanatized mainly because of recurrent or chronic diarrhea. A variety of pathologic changes were observed at necropsy, including lesions caused by opportunistic infections, encephalopathy, and lymphoma. The predominant histopathologic changes are listed in Table 1 . All animals in both the control and the SIV-infected groups were RhCMV-positive by western-blot analysis ( Table 2) .
Gross appearance
Lesions due to RhCMV were detected in two SIVinfected animals ( Table 2 ). In one monkey, erosive gastritis was recognized. The second case had purulent orchitis with severe enlargement of the affected testicle, the cut surface of which showed a central yellowtan area.
Microscopic features
Microscopic examination of the HE-stained sections revealed that both the gastritis and the orchitis were characterized by severe infiltration with predominantly neutrophilic granulocytes, some lymphocytes, and several intranuclear inclusions in cytomegalic cells (Fig.  1 ). In the case of gastritis, the cells could not be localized clearly. In the orchitis, owl's eye cells appeared in the germinative epithelium. Apart from these two cases, tissues showed no morphologic alterations suggestive of CMV infection.
Immunohistochemistry
Productive RhCMV infection was detected by immunohistochemistry in seven of eleven SIVmac-infected rhesus monkeys, whereas none of the control animals showed any positive staining (Tables 2, 3) . RhCMV antigen was identified in epithelial cells and in cells that could not be further specified morphologically ( Figs. 1-4 ). The expression of nuclear and cytoplasmic RhCMV antigens was recognized in epithelial cells (Fig. 4) . The gastrointestinal tract was affected in five animals (Table 3 ). In the biliary system, RhCMV antigen was recognized in two cases. In one animal, several nuclei of the gall bladder epithelium stained positively; in another monkey massive positive staining of intrahepatic bile-duct epithelial cells was detected and associated with a severe hyperplastic cho-langitis ( Fig. 4) . In the lungs, viral antigen was identified in several enlarged nuclei throughout the parenchyma (Fig. 2) . These cells could barely be defined as cytomegalic and were not detected by HE histology, as the lungs were also affected by pneumonia.
Discussion
Human cytomegalovirus-associated diseases are major causes of morbidity and mortality in AIDS patients, whereas in the immunocompetent host, diseases due to HCMV infection are rare. In Germany, about 50% of the adult population is seropositive for HCMV with seropositivity approaching 100% in the homosexual population. 8, 15 The reactivation of latent HCMV infection seems common in AIDS patients, apart from a few cases of disease due to primary HCMV infection. Similar to observations made at other primate centers, 12 at the German Primate Center 100% of the SIV-infected and uninfected rhesus monkeys were seropositive for RhCMV. The fact that more than 60% of the SIV-infected rhesus monkeys are productively RhCMV-infected and have been caged individually since the onset of experiments suggests that reactivation of latent RhCMV infection is common in SIVinfected rhesus monkeys as well.
Productive CMV infection leads to characteristic histopathologic lesions: large intranuclear inclusion bodies within cytomegalic cells. Typically, the inclusions are surrounded by a clear halo that gave them their name, owl's eye cells. These cells are the only definite histologic characteristic in any CMV disease. Because disease progression is very slow in human and rhesus CMV infection, early stage productive infection that has not yet led to histopathologic lesions is a diagnostic problem in routine histology. For pathogenicity studies in the SIVmac model, we established an indirect immunoperoxidase method to detect cells productively infected with RhCMV. In addition to classical inclusion bodies (owl's eye cells), we identified a high incidence of productively RhCMV-infected cells not associated with the disease, as observed in humans. 7 Immunohistochemistry revealed both productively RhCMV-infected resident cells and infiltrating cells. In resident cells, epithelial cells (absorptive enterocytes and gall-bladder and bile-duct epithelial cells) produced RhCMV antigen. In gastritis, orchitis, and the lungs, the cell type productively infected could not be clearly identified. In the cases with nuclear staining in the intestinal epithelium, intraepithelial lymphocytes have to be taken into account as productively infected cells apart from enterocytes (Fig. 3) . The predominant detection of CMV antigen in epithelial cells contrasts with findings in HCMV infection. There, virus antigen was identified in endothelial cells most frequently, followed by pericytes, macrophages, intestinal lamina propria cells, and epithelial cells. 6, 15 According to Genta et al., 9 early HCMV-associated antigens are identified in the nucleus and late antigens in the cytoplasm of HCMV-infected cells. We observed viral antigen both in the nuclei and in the cytoplasm of epithelial cells. Because we used a polyclonal antiserum as the primary antibody for immunohistochemistry, we suppose that the positive staining resulted from a reaction with both early and late RhCMV-associated antigens. Infiltrations with neutrophilic granulocytes are common in RhCMV disease in rhesus macaques. 4 In our animals, RhCMV antigen was detected in neutrophilic granulocytes both in RhCMV disease and in tissues without any apparent RhCMV-associated lesions, as also seen in human CMV. Immunohistochemistry is a more expensive and time-consuming method than light microscopy; however, it is much more sensitive for detection of CMV infection. The detection of CMV antigen without associated lesions is particularly relevant in intestinal biopsies from AIDS patients, since it allows the initiation of CMV-specific treatment as soon as the first virus production has been identified. In the literature, there is no agreement whether in situ hybridization is more sensitive than immunohistochemistry. 6,21 The expenditure of time and money is even greater for in situ hybridization than for immunohistochemistry.
In immunodeficient macaques and humans, CMV disease tends to be disseminated. In man, HCMV disease occurs most commonly in the lungs, gastrointestinal tract, adrenals, and eyes. 1 In SIVsm-infected macaques, the most commonly affected sites are lungs, lymph nodes, small intestine, liver, and brain. 3 In our study with SIVmac-infected rhesus monkeys, the gastrointestinal tract, the hepatobiliary system, and the lungs were the sites of productive RhCMV infection. Characteristic histologic lesions were inclusion bodies in the stomach and the testicles. In both cases, the lesions were characterized by severe interstitial infiltration with neutrophilic granulocytes. Vasculitis due to CMV replication in endothelial cells of small submucosal vessels is presumed to be a pathogenic factor for erosive and ulcerative CMV-associated lesions in the gastrointestinal tract. 10, 16 In the animal with erosive RhCMV gastritis, there was no evidence for RhCMV antigen in endothelial cells. Although CMV orchitis is very rare in man, it has been described in SIV-infected macaques. 3, 4 The most common gastrointestinal site for CMV-associated alterations in man is the large intestine, whereas in macaques the small intestine was the most frequently affected organ in other studies. 3, 5 In our study, although virus replication was identified in the small intestine in one animal, the large intestine showed productive infection more frequently and the
